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INTRODUCTION
Radiation is known to cause neuronal cell death in the de-
veloping brain (1), and it reduces neurogenesis (2-4). How-
ever, low dose radiation (LDR) is known to show a protec-
tion effect in most mammalian cells (5). Olivieri et al. showed
that lymphocytes exposed to LDR developed a high resistance
to the subsequent radiation-induced chromosome aberrations,
and this was termed the ‘‘adaptive response’’ (6). Wolff report-
ed that if cells that had been exposed to a very low dose (1
cGy) of radiography were subsequently exposed to a relatively
high dose (1 Gy), approximately half as many chromosome
breaks were induced (7). Feinendegen et al. reported that the
protective responses to single exposures tended to be maxi-
mally expressed after about 0.1 Gy and very little protective
response was noted after more than about 0.5 Gy radiogra-
phy radiation or gamma-radiation (8). Also, adaptive respons-
es for the neurogenesis of the dentate gyrus of the hippocam-
pus have been reported with transient (9) or focal ischemia
(10). Kang et al. have recently reported that a single expo-
sure of 0.1 Gy radiation induced protective effects in the den-
tate gyrus of rats against diabetes-induced neuronal suppres-
sion (11). However, there has been no such investigation for
the neuronal cell responses related with low dose radiation.
Thus, we investigated the relationship of low dose radiation
and the adaptive response of neuronal cells in the hippocam-
pal dentate gyrus of the rat with using the effective prolifer-
ative markers 5-bromo-2′ -deoxyuridine (Brd-U) and Ki-67
(12) and the apoptotic marker terminal deoxynucleotidyl
transferase mediated dUTP nick end-labeling (TUNEL). 
MATERIALS AND METHODS
Male Sprague-Dawley rats weighing 200±10 g each (6
weeks of age) were used for the experiment. The experimen-
tal procedures were performed in accordance with the animal
care guidelines of the National Institutes of Health (NIH)
and the Korean Academy of Medical Sciences. The animals
were housed under laboratory conditions at a controlled tem-
perature (20±2℃) and maintained under light-dark cycles,
each consisting of 12 hr of light and 12 hr of darkness (light-
ing from 07:00 to 19:00), with food and water being made
available ad libitum. 
To determine the effect of the radiation dose on cell prolif-
eration and cell death in the hippocampal dentate gyrus, the
rats were divided into five groups: the control group, the 0.1
Gy radiation group, the 1 Gy radiation group, the 10 Gy radi-
ation group and the 20 Gy radiation group (n=5 in each gro-
up). Each animal was intraperitoneally injected with 50 mg/
kg BrdU (Sigma Chemical Co., St. Louis, MO, U.S.A.) 10
min before the radiation and the animals were then sacrificed
2 hr after the BrdU injection.
To determine the effect of the cumulative dose, the rats
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Adaptive Responses Induced by Low Dose Radiation in Dentate
Gyrus of Rats
The purpose of this study is to investigate the mechanism of alternative responses
to low dose irradiation for neuronal cell proliferation in the dentate gyrus of rats. To
determine the effect of a single exposure to radiation, rats were irradiated with a
single dose of 0.1, 1, 10 or 20 Gy. To determine the effect of the cumulative dose,
the animals were irradiated daily with 0.01 Gy or 0.1 Gy from 1 to 4 days. The neu-
ronal cell proliferation was evaluated using immunohistochemistry for 5-bromo-2′ -
deoxyuridine (BrdU), Ki-67 and terminal deoxynucleotidyl transferase-mediated
dUTP nick end-labeling (TUNEL) staining. Four consecutive daily irradiations with
a 0.01 Gy/fraction increased the number of BrdU-positive and Ki-67-positive cells
in a dose dependent manner, but this did not affect the number of TUNEL-positive
cells. However, there was not a dose dependent relationship for the 0.1 Gy/fraction
irradiation with the number of BrdU, Ki-67 and TUNEL positive cells. Our data sup-
port the explanation that the adaptive response, induced by low-dose radiation, in
the hippocampus of rats is more likely a reflection of the perturbations of cell cycle
progression. 
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were divided into nine groups: the control group, the 1-day-
0.01 Gy radiation group, the 2-days-0.01 Gy radiation group,
the 3-days-0.01 Gy radiation group, the 4-days-0.01 Gy radi-
ation group, the 1-day-0.1 Gy radiation group, the 2-days-
0.1 Gy radiation group, the 3-days-0.1 Gy radiation group
and the 4-days-0.1 Gy radiation group (n=5 in each group).
Each animal was intraperitoneally injected with 50 mg/kg
BrdU 10 min before starting the radiation treatment once a
day for 4 consecutive days, and the animals were then sacri-
ficed 2 hr after completion of the last BrdU injection.
The animals were first fully anesthetized with Zoletil 50
�
(10 mg/kg, i.p.; Vibac Laboratories, Carros, France), and next
they were transcardially perfused with 50 mM phosphate-
buffered saline (PBS); they were then fixed with a freshly pre-
pared solution consisting of 4% paraformaldehyde (PFA) in
100 mM phosphate buffer (PB, pH 7.4). The brains were
removed, postfixed in the same fixative overnight and trans-
ferred into a 30% sucrose solution for cryoprotection. Coro-
nal sections of 40  m thickness were made by using a freez-
ing microtome (Leica, Nussloch, Germany).
BrdU immunohistochemistry was used for detecting the
newly generated cells in the dentate. An average of 10 sec-
tions within the hippocampal region spanning from Bregma
-3.30 mm to Bregma -4.16 mm were selected from each brain.
The sections were first permeabilized by incubating them
in 0.5% Triton X-100 in PBS for 20 min. They were then
incubated in 50% formamide-2×standard saline citrate at
65℃ for 2 hr; they were denaturated in 2 N HCl at 37℃
for 30 min and next rinsed twice in 100 mM sodium borate
(pH 8.5). Afterwards, the sections were incubated overnight
at 4℃ with a BrdU-specific mouse monoclonal antibody
(1:600; Boehringer Mannheim, Mannheim, Germany). The
sections were then washed three times with PBS and incu-
bated for 1 hr with a biotinylated mouse secondary antibody
(1:200; Vector Laboratories, Burlingame, CA, U.S.A.). The
sections were then incubated for another 1 hr with a VEC-
TASTAIN
� Elite ABC Kit (1:100; Vector Laboratories). For
staining, the sections were incubated for 5 min in a reaction
mixture that consisted of 0.02% 3,3′ -diaminobenzidine with
40 mg/mL nickel chloride (nickel-DAB) and 0.03% H2O2
in 50 mM Tris-HCl (pH 7.6). The sections were then washed
three times with PBS and finally mounted onto gelatin-coat-
ed slides. The slides were air-dried overnight at room tem-
perature, and the coverslips were mounted using Permount
�
(Fisher Scientific, Fair Lawn, NJ, U.S.A.).
Ki-67 immunohistochemistry was performed for visualiz-
ing the Ki-67 expression. The sections were taken from each
brain and incubated overnight with mouse anti-Ki-67 anti-
body (1:200; Novocastra Laboratories Ltd, U.K.), and then
they were incubated for another 1 hr with biotinylated mouse
secondary antibody. The bound secondary antibody was then
amplified with a VECTASTAIN
� Elite ABC Kit (Vector Lab-
oratories). The antibody-biotin-avidin-peroxidase complexes
were visualized using nickel-DAB and 0.03% H2O2 in 50
mM Tris-HCl (pH 7.6) for 5 min. The sections were then
washed three times with PBS and finally mounted onto gela-
tin-coated slides.
For the visualization of the apoptotic cell death, TUNEL
assay was performed using the In Situ Cell Death Detection
Kit (Roche, Mannheim, Germany). Briefly, the sections were
post-fixed in ethanol-acetic acid (2:1) and then rinsed. Next,
the sections were incubated with proteinase K (100  g/mL),
rinsed and then incubated in 3% H2O2. They were permeabi-
lized with 0.5% Triton X-100, rinsed again and incubated
in the TUNEL reaction mixture. The sections were rinsed
and finally visualized using converter-POD with nickel-DAB.
The area of the dentate granular layer in the selected region
of the hippocampus was measured using Image-Pro Plus soft-
ware (Media Cybernetics, Silver Spring, MD, U.S.A.). The
numbers of BrdU-positive, Ki-67-positive and TUNEL-posi-
tive cells in the dentate gyrus were counted hemilaterally and
expressed as the number of cells per mm2 of the granular layer.
The statistical analysis was performed using one-way ANOVA
followed by Duncan’s post-hoc test. The results are present-
ed as the mean±standard error of the mean (S.E.M.). Differ-
ences were considered significant at p values <0.05. 
RESULTS
The effect of a single dose of radiation
The numbers of BrdU-positive cells in the dentate gyrus
were 44.37±2.25/mm2 in the control group, 55.44±3.68/
mm2 in the 0.1 Gy group, 10.02±1.69/mm2 in the 1 Gy
group, 1.76±0.37/mm2in the 10 Gy group and 0.59±0.23/
mm2 in the 20 Gy group, respectively. The numbers of Ki-
67-positive cells in the dentate gyrus were 119.14±12.54/
mm2 in the control group, 164.59±13.58/mm2 in the 0.1
Gy group, 50.20±4.68/mm2 in the 1 Gy group, 13.66±
2.49/mm2 in the 10 Gy group and 7.95±1.31/mm2 in the
20 Gy group. The numbers of TUNEL-positive cells in the
hippocampal dentate gyrus were 1.31±0.91/mm2in the con-
trol group, 1.16±0.54/mm2 in the 0.1 Gy group, 143.42±
13.67/mm2 in the 1 Gy group, 515.18±42.46/mm2 in the
10 Gy group and 624.61±26.01/mm2 in the 20 Gy group
(Fig. 1). 
The effect of the cumulative dose of radiation
The animals were irradiated with 0.01 Gy or 0.1 Gy from
1 to 4 consecutive days. The number of BrdU-positive cells
in the hippocampal dentate gyrus was 110.93±11.15/mm2
in the control group, 233.20±13.36/mm2 in the 0.01 Gy
group, 349.80±26.35/mm2 in the 0.02 Gy group, 409.79
±28.70/mm2 in the 0.03 Gy group, 446.28±40.26/mm2
in the 0.04 Gy group, 287.39±22.22/mm2 in the 0.1 Gy
group, 285.92±21.63/mm2 in the 0.2 Gy group, 262.78±Adaptive Responses in Dentate Gyrus of Rats 1105
23.96/mm2 in the 0.3 Gy group and 254.19±15.27/mm2
in the 0.4 Gy group. The number of Ki-67-positive cells in
the hippocampal dentate gyrus was 121.26±7.37/mm2 in
the control group, 217.96±27.69/mm2in the 0.01 Gy group,
266.75±47.28/mm2 in the 0.02 Gy group, 378.29±69.27/
mm2in the 0.03 Gy group, 489.15±63.71/mm2in the 0.04
Gy group, 301.68±44.84/mm2 in the 0.1 Gy group, 196.68
±34.72/mm2 in the 0.2 Gy group, 188.13±31.87/mm2
in the 0.3 Gy group, and 163.10±30.97/mm2 in the 0.4 Gy
group. The number of TUNEL-positive cells in the hippo-
campal dentate gyrus was 3.20±2.17/mm2 in the control
group, 2.32±1.51/mm2 in the 0.01 Gy group, 4.09±2.50/
mm2 in the 0.02 Gy group, 1.61±0.67/mm2 in the 0.03 Gy
group, 1.08±0.76/mm2 in the 0.04 Gy group, 2.26±1.00/
mm2 in the 0.1 Gy group, 1.38±0.95/mm2 in the 0.2 Gy
group, 3.30±1.13/mm2 in the 0.3 Gy group and 2.10±
1.42/mm2 in the 0.4 Gy (Fig. 2). 
DISCUSSION
Neural stem cells reside in the hippocampus and they pro-
duce new neurons in all vertebrates that have been studied,
including humans (13). Previous studies with animal models
have demonstrated that exposure to therapeutic doses of radi-
ation results in an increase in apoptosis (3, 14) and a decrease
in cell proliferation within the neurogenic region of the hip-
pocampus (3). Also, a single dose of 20 to 25 Gy cranial irra-
diation cause delayed deficits in performance in hippocampal-
dependent behavioral tasks (15). However, the effect of radi-
ation on neurogenesis seems to be different at low dose levels
of irradiation. Sienkiewicz et al. reported that compared with
the sham exposed control mice, 0.35 Gy irradiation caused
a significant impairment in performance, and exposure at 0.5
Gy resulted in a still larger impairment, but the performance
was not significantly affected with irradiation at 0.1 Gy and
it was slightly but non-significantly reduced at 0.25 Gy (16).
Although the authors suggested there was an association
between the dose and behavioral impairment via a linear rela-
tionship without a threshold, they were not able to detect
any impairment at doses lower than about 0.25 Gy.
In our study, the numbers of Brd-U and Ki-67 positive
cells in the dentate gyrus were decreased by a single dose of
1, 10 and 20 Gy irradiation. The numbers of Brd-U and Ki-
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Fig. 1. The effect of a single dose on the 5-bromo-2’-deoxyuridine (BrdU), Ki-67, and TUNEL positive cells in the dentate gyrus of rats. The
Brd-U positive and Ki-67 positive cells are increased after 0.1 Gy radiations. The change of the number of apoptotic cells is minimal with
0.1 Gy radiation but dramatically increases as the dose increased.
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Fig. 2. The effect of cumulative dose on the 5-bromo-2’-deoxyuridine (BrdU), Ki-67 and TUNEL positive cells in the dentate gyrus of rats.
The Brd-U positive and Ki-67 positive cells are increased with 0.01 Gy/fraction radiation as the dose increased. But with 0.1 Gy/fraction
radiation, Brd-U positive and Ki-67 positive cells show a peak at 0.1 Gy and decrease afterward as the dose increased. The number of
apoptotic cells do not show significant alterations with both 0.01 Gy/fraction and 0.1 Gy/fraction radiation although the dose was accu-
mulated. Open circle: 0.01 Gy radiation group. Closed circle: 0.1 Gy radiation group.
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67 positive cells of the rats sacrificed two hours after 10 Gy
irradiation were about 4% and 11% of the control, respec-
tively. Although any direct comparison to other researches
was not possible due to the lack of similar experiments, in
the research on adult neurogenesis with irradiation, Mizu-
matsu et al. reported that the number of proliferating cells
(Ki-67 positive) was reduced about 90% at 12 hr after doses
of 2-10 Gy (2); this showed similar results to our results. Also,
in the research of neural precursor-cell dysfunction induced
by irradiation, Monje et al. reported that for rats sacrificed
two months after a single dose of 10 Gy cranial irradiation,
the number of new born cells in the irradiated granular layer
and hilus was decreased (17). These results suggest that the
acute ablation of cell proliferation induced by radiation occurs
from the very beginning and it lasts for at least two months. 
In contrast, the numbers of Brd-U and Ki-67 positive cells
were increased in the 0.1 Gy irradiation group and it decreased
with 1 Gy or more irradiation. The results were consistent
with other studies concerning the protective response to a sin-
gle exposure of radiation of around 0.1 Gy. It has been report-
ed that the protective responses to single exposures tended
to be maximally expressed after about 0.1 Gy and there were
very little protective response after more than about 0.5 Gy
radiation (8, 18, 19). Feinendegen et al. reported that depend-
ing on the type of adaptive protection in a given cell system,
in most mammalian cells that have been examined so far, the
expression of adaptive protection had a maximum above 0.05
Gy and below about 0.2 Gy (5, 8). With these results, low-
dose irradiation below 0.1 Gy was thought to enhance cell
proliferation in the dentate gyrus of the hippocampus of rats. 
The numbers of TUNEL positive cells were dramatically
increased with 1 Gy or more irradiation in a dose dependent
manner. But the number of TUNEL positive cell was slightly
decreased with 0.1 Gy irradiation, which did not reach sta-
tistical significance. The present results showed 1 Gy or more
irradiation increased neuronal cell death, while 0.1 Gy of irra-
diation did not exert a significant effect on neuronal cell death.
These results are concordant with the reports that the rate of
apoptosis in thymocytes with 0.2 Gy or less radiation was
lower than that in controls in vitro or in vivo (20, 21). In sum-
mary, a single exposure to 0.1 Gy radiation increased neuronal
cell proliferation in the dentate gyrus without increasing cell
apoptosis.
In the second part of this study, irradiation with a 0.01 Gy/
fraction or a 0.1 Gy/fraction from 1 to 4 consecutive days was
done to evaluate the effect of the cumulative dose. The num-
ber of Brd-U and Ki-67 positive cells was increased with a
cumulative dose of 0.01, 0.02, 0.03 and 0.04 Gy. These results
showed that with a low dose level (0.01 Gy/fraction), neuronal
cell proliferation was increased in a dose dependent manner.
But with using the 0.1 Gy/fraction, neuronal cell prolifera-
tion did not show a relationship with the cumulative dose.
In the mean time, the numbers of TUNEL positive cells were
not significantly changed throughout the irradiation sched-
ule, suggesting that at least up to a cumulative dose of 0.4
Gy, the irradiation did not cause any alteration in the level of
apoptosis. In summary, 0.01 Gy/fraction irradiation increases
cell proliferation as the dose is accumulated without altering
cellular apoptosis. 
A low dose of ionizing radiation has been shown to enhance
cellular resistance with the same effect as a subsequent higher
dose. This phenomenon has been called the adaptive response.
The biological mechanisms underlying the adaptive response
are rather unclear. The mechanism of adaptive responses to
low dose radiation is explained by a cell-survival adaptive
response and/or a genotoxic adaptive response. The charac-
teristics of a genotoxic adaptive response may differ from a
cell-survival adaptive response because the increase in cell
survival could not be explained by the increased number of
non-aberrant cells. The suggested explanation for the radia-
tion-induced adaptive response is that the production of free
radicals from radiation stimulated cells to evolve a repair sys-
tem for chromosome breaks and in turn, an alteration of the
DNA molecule triggers this repair system; frequent activa-
tion may increase the general repair capacity, irrespective of
the cause of the damage (22, 23). However, in a recent report,
Cramers et al. have reported that adaptation in non-dividing
cells is not mediated by enhanced rejoining of strand breaks
and that any protection against the induction of DNA dam-
age is rather small. They concluded by suggesting that the
adaptive response is most likely a reflection of perturbations
of cell cycle progression (24). Therefore, we observed the Ki-
67 staining pattern, which is known to be strictly correlated
with the cell cycle phases (25). The G2-phase cells show fine
granular Ki-67 staining in the karyoplasm. In early mitotic
cells (pro- and metaphase), an intense perichromosomal Ki-
67 staining is observed, but during anaphase and telophase,
the Ki-67 antigen rapidly disappears. In resting cells there
is no Ki-67 staining. In our present study, the exposure to
0.01 Gy/fraction irradiation for 4 consecutive days resulted
in an increased granular staining pattern of the Ki-67-positive
cells, suggesting that the early mitotic cells were increased. 
Cells exposed to low dose radiation in vitro or in vivo can
develop high resistance to subsequent high dose radiation
induced gene mutation, DNA damage, and cell death. This
phenomenon is termed radiation induced adaptive responses.
There are several reports that the adaptive responses occur
in neuronal tissues (26). But the process of neurogenesis con-
sists of distinct developmental processes and it depends on a
complex microenvironment that involves signaling between
multiple cell types, and irradiation could affect any or all of
these cells or interactions. So far, there is few reports concern-
ing the mechanism of adaptive responses in dentate gyrus of
hippocampus, which is known to have a critical function for
cognitive and memory function. Our study showed that the
radiation response in the hippocampus was related with the
increased number of proliferating cells, but not with the de-
creased number of cells exhibiting apoptosis. The results sup-port the explanation that the adaptive response in the hippo-
campus of rats is more likely the reflection of perturbations
of cell cycle progression. In the present study, low doses of
radiation below 0.1 Gy clearly induced neuronal prolifera-
tion in the hippocampus. Although a cause-and-effect rela-
tionship has yet to be shown, given the apparent relationship
between hippocampal neurogenesis and associated cognitive
and memory function, introducing low dose of irradiation
may be possible to ameliorate or rescue individuals at risk
from many kinds of neuronal damages.
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